Introduction
============

Cerebral accumulation of β-amyloid protein (Aβ) is a specific neuropathological hallmark of Alzheimer\'s disease (AD) and is considered central to AD pathogenesis ([@b14]). Aβ is a hydrophobic peptide composed of ∼40--43 amino acids derived from proteolytic processing of amyloid precursor protein (APP). In amyloidogenic processing, APP is initially cleaved by the β-secretase, BACE1, and the resultant β-C-terminal fragment (β-CTF) subsequently cleaved by γ-secretase complexes to generate Aβ ([@b9]). BACE1 is a membrane-bound protease abundantly expressed in neurons in the brain ([@b38]) that undergoes several posttranslational modifications including glycosylation, phosphorylation, and palmitoylation ([@b6]; [@b34]). BACE1 deletion abolishes Aβ production in mice without overt abnormalities and the protein is implicated in AD pathogenesis, making it an important therapeutic target for AD ([@b6]; [@b28]; [@b34]).

Lipid rafts are distinct membrane domains characterized by high concentrations of cholesterol and glycosphingolipids ([@b22]). Recent studies have identified lipid rafts as important sites for the generation and accumulation of Aβ ([@b8]; [@b1]; [@b31]; [@b39]). BACE1 and γ-secretase complexes are partially and mainly localized in lipid rafts, respectively ([@b30]; [@b44]; [@b7]; [@b11]; [@b40]; [@b37]; [@b18]). Previous reports indicate that association of BACE1 with lipid rafts promotes Aβ production, supporting the importance of this process in Aβ generation. S-Palmitoylation of membrane proteins plays important functional roles in protein--protein interactions, folding, trafficking, and association with lipid rafts ([@b5]). [@b41] showed that BACE1 is S-palmitoylated at four C-terminal cysteine residues, and its lipid raft localization is regulated by palmitoylation but has no direct impact on Aβ production in murine cell lines. Owing to these controversial findings, the issue of whether lipid raft association of BACE1 plays an important role in Aβ production in neurons remains unclear at present.

Mature BACE1 is partly cleaved in the extracellular domain to generate soluble BACE1 that is released extracellularly ([@b3]; [@b50]; [@b25]). However, the physiological significance of this BACE1 shedding remains to be established. In addition, BACE1 appears to exist as a homodimer in the native state ([@b45]; [@b33]). We are yet to determine whether BACE1 shedding and dimerization are affected by its palmitoylation.

In this study, we sought to clarify whether lipid raft localization of BACE1 affects Aβ production in neurons. For this purpose, we employed human neuroblastoma cells stably expressing wild-type or mutant BACE1 lacking the palmitoylation modification, as well as rat primary cortical neurons expressing these forms of BACE1 via recombinant adenoviruses. Our findings provide evidence that BACE1 cleavage of APP and Aβ generation is independent of lipid raft association of the protease in neurons and suggest that BACE1 cleaves APP mainly in nonraft domains. Data from further analyses indicate that palmitoylation plays a role in BACE1 shedding but not dimerization.

Materials and Methods
=====================

Antibodies
----------

Four BACE1 antibodies were used: rabbit polyclonal antibody (NBA) raised against the N-terminal part of BACE1 ([@b25]), mouse monoclonal anti-BACE1 ectodomain antibody (MAB9311, R&D Systems, Minneapolis, MN), and rabbit polyclonal anti-BACE1 C-terminal antibodies (M-83, Santa Cruz Biotechnology, Santa Cruz, CA; AB5832, Millipore, Billerica, MA). Two rabbit polyclonal antibodies against the C-terminus of APP, designated AC24 ([@b12]) and R37 ([@b19]), were employed. Mouse monoclonal 1D4 antibody to the rhodopsin tag (VSKTETSQVAPA) ([@b16]) was obtained from University of British Columbia. Rabbit polyclonal antibodies against flotillin-1 were purchased from IBL (Gunma, Japan) and Sigma-Aldrich (St Louis, MO). Mouse monoclonal anti-β-actin antibody was acquired from Sigma. Horseradish peroxidase-conjugated secondary antibodies against mouse or rabbit IgG were purchased from GE Healthcare (Piscataway, NJ).

cDNA constructs
---------------

Human BACE1 cDNA fused with a C-terminal rhodopsin tag was subcloned into the pcDNA3.1 vector (Invitrogen, Carlsbad, CA). This plasmid was generously provided by Dr. Michael Farzan ([@b13]). Mutant BACE1 cDNAs (BACE1-CA3, BACE1-CA4, and BACE1-C474A with three, four, and one Cys-Ala substitutions, respectively) were generated ([Fig. 1](#fig01){ref-type="fig"}) using the GeneEditorTM in vitro mutagenesis system (Promega, Madison, WI), according to the manufacturer\'s instructions. The resultant cDNAs were verified by sequencing.

![Schematic illustration of BACE1 protein. BACE1 is palmitoylated at four cysteine residues (Cys474, 478, 482, and 485) in the transmembrane (TM) and C-terminal cytoplasmic domains. BACE1 mutants with three, four, and one Ala substitutions are designated as BACE1-CA3, BACE1-CA4, and BACE1-C474A, respectively. The locations of the epitopes for antibodies used in this study are also depicted.](brb30002-0270-f1){#fig01}

Establishment of neuroblastoma cells stably expressing BACE1
------------------------------------------------------------

Human neuroblastoma SH-SY5Y cells were maintained in a humidified atmosphere of 5% CO~2~/95% air in Dulbecco\'s modified Eagle\'s medium (DMEM) mixed at a 1:1 ratio with Ham\'s F-12 medium supplemented with 10% fetal bovine serum. Wild-type or mutant BACE1 cDNA was transfected into human neuroblastoma SH-SY5Y cells and stable transformants selected with 400 μg/mL G418, as described previously ([@b36]; [@b26]).

Primary neuronal cultures
-------------------------

Primary neuronal cultures were prepared as described earlier ([@b4]; [@b2]), with minor modifications. Cerebral cortices were removed from rat embryos at embryonic day 17, in Hank\'s Balanced Salt Solution (without Ca^2+^ and Mg^2+^) and the meninges discarded. Cortical tissues were minced with surgical blades and dissociated via trituration using fire-polished Pasteur pipettes. Cells were plated on a poly-[l]{.smallcaps}-lysine-coated 6-well plate or 6-cm dish in Neurobasal medium containing B27 supplements (BD Biosciences, San Jose, CA).

Generation of recombinant adenoviruses
--------------------------------------

Recombinant adenoviruses were prepared using an Adenovirus Dual Expression Vector Kit (Takara Bio, Shiga, Japan). Briefly, BACE1-WT, BACE1-CA4, and human wild-type and Swedish mutant APP695 ([@b36]) cDNA fragments were blunted and inserted into the SwaI site of the cosmid vector pAxCAwtit2 to generate pAxCAwtit2-BACE1-WT, pAxCAwtit2-BACE1-CA4, pAxCAwtit2-APP, and pAxCAwtit2-swAPP, respectively. After digesting with BspT107I, recombinant cosmids were transfected into HEK293 cells using Lipofectamine 2000 (Invitrogen). Recombinant adenoviruses were screened and propagated according to the manufacturer\'s instructions.

^3^H-Palmitic acid labeling
---------------------------

^3^H-palmitic acid (PA) labeling was performed essentially using a previously described method ([@b24]). In brief, cells plated on 6-cm dish were labeled with 0.2 mCi ^3^H-PA for 5 h, and collected with a cell scraper. Cells were lysed with RIPA (radioimmunoprecipitation assay) buffer, and extracts immunoprecipitated with 1D4 antibody and protein G-agarose. Immunoprecipitates were treated with Laemmli sample buffer, followed by SDS-PAGE. Gels were soaked in DMSO for 30 min twice and 20% (w/w) diphenyloxazole in DMSO for 3 h, and rinsed with water for 1 h. After drying, gels were analyzed using fluorography.

Immunoblot analysis
-------------------

Immunoblot analyses were performed as described previously ([@b36]; [@b26]). Cells were lysed in RIPA buffer (10 mM Tris-HCl, pH 8.0, 150 mM NaCl, 5 mM EDTA, 1% Nonidet P-40, 0.5% sodium de-oxycholate, 0.1% SDS) containing protease inhibitors. Proteins were separated on 8% polyacrylamide gels and blotted onto polyvinylidene difluoride membranes. Blots were blocked in phosphate-buffered saline (PBS) containing 0.05% Tween-20 and 5% nonfat-dried milk, and probed with the appropriate antibodies, followed by secondary horseradish peroxidase-conjugated anti-rabbit or mouse IgG. Signals were detected with enhanced chemiluminescence reagents (Perkin-Elmer, Boston, MA), and the resulting images analyzed with a LAS-1000 (Fuji Film, Tokyo, Japan) image analyzer.

Lipid raft isolation
--------------------

Sucrose density gradient ultracentrifugation was performed as described previously ([@b48]; [@b27]). Briefly, cell pellets were disrupted by 10 strokes through a 25-G needle in TNE buffer (25 mM Tris, pH 7.4, 150 mM NaCl, 2 mM EDTA) containing protease inhibitors. An equal volume of 2% CHAPS (3-\[(3-cholamidopropyl)dimethylammonio\]propanesulfonate) in TNE buffer was mixed and incubated on ice for 30 min. Cell extracts were mixed with TNE buffer containing sucrose to yield a final concentration of 45% (w/v) sucrose, and the mixture adds to the bottom of an ultracentrifuge tube. TNE buffers containing 35% and 5% sucrose were successively and carefully layered over CHAPS cell extracts. Samples were spun at 4°C for 14--16 h at 190,000 *g* in the SW60 rotor (Beckman, Fullerton, CA). In total, 10 fractions were collected in 0.285 mL volumes from the top to bottom. Equal volumes of each fraction were subjected to SDS-PAGE and immunoblotting.

Aβ measurement
--------------

Primary neurons were cultured on a 6-well plate for 7 days and infected with recombinant adenoviruses at a multi-plicity of infection of ∼10. One day after infection, the whole medium was changed, and the amounts of Aβ40 and Aβ42 in 24 h-conditioned media measured using sandwich ELISA kits (Wako, Osaka, Japan) ([@b35]; [@b2]). Briefly, samples and Aβ standard solutions were applied to 96-well plates coated with BNT77 overnight at 4°C, and incubated with horseradish peroxidase-conjugated BA27 or BC05 for 2 h at room temperature. Bound enzyme activity was measured using the TMB microwell peroxidase substrate system (Kirkegaard & Perry Laboratories, Gaithersburg, MD).

Immunocytochemistry
-------------------

Primary neurons cultured on cover slips were fixed with 4% paraformaldehyde in PBS. Fixed cells were permeabilized and blocked with 0.3% Triton X-100 and 1% FBS in PBS, and incubated with 1D4 antibody for 1 h, followed by DyLight649-conjugated anti-mouse IgG (Jackson Immuno-Research Laboratories, Bar Harbor, ME) for 1 h. For double immunolabeling, cells were subsequently stained with anti-flotillin1 antibody (Sigma, St. Louis, MO, USA) and Alexa488-conjugated anti-rabbit IgG (Invitrogen). Specimens were examined with a Leica TCS SP2 MP confocal microscope system (Leica Microsystems, Heidelberg, Germany).

Immunoprecipitation
-------------------

### Soluble-BACE1

SH-SY5Y cells expressing BACE1 were cultured on 6-cm dishes and grown overnight in serum-free DMEM/F12 containing N2 supplements (BD Biosciences). Conditioned media were harvested, mixed with NP-40 (0.1%), Tris, pH 8 (10 mM), NaCl (150 mM), and protease inhibitors, and incubated overnight at 4°C with anti-BACE1 ectodomain antibody (MAB9311) and protein G-agarose ([@b25]). Immunoprecipitated materials were subjected to immunoblot analysis with BACE1 N-terminal (NBA) or C-terminal (M-83) antibodies.

### APP CTF

Fractions from lipid raft isolation experiments were diluted 10 times with TNE buffer and used for immunoprecipitation with anti-APP antibodies (AC24). Immunoprecipitated materials were subjected to Tris/Tricine SDS-PAGE and immunoblot analysis with anti-APP (R37).

Blue native polyacrylamide gel electrophoresis
----------------------------------------------

Blue native-PAGE (BN-PAGE) was performed as described previously ([@b32]). Membrane and cytosolic fractions of SH-SY5Y cells expressing BACE1 were separated using a previously described method ([@b26]). The extracts were applied onto BN-PAGE (4--16%), and transferred onto PVDF membranes. Blots were destained for 1 h in distilled water/methanol/acetic acid (60%/30%/10%) and subjected to immunoblotting with 1D4 antibodies.

Statistical analysis
--------------------

All results are presented as means ± SEM. Statistical analyses were performed with Student\'s *t*-test or one-way analysis of variance (ANOVA), followed by Bonferroni multiple comparison test with a threshold of *P* \< 0.05.

Results
=======

BACE1 palmitoylation occurs mainly at four cysteine residues in the C-terminal region
-------------------------------------------------------------------------------------

We investigated S-palmitoylation of BACE1 using human neuroblastoma cells stably expressing BACE1. cDNA of wild-type BACE1 (BACE1-WT) or mutant BACE1 (BACE1-CA3 or BACE1-CA4 with three or four Cys--Ala substitutions, respectively) ([Fig. 1](#fig01){ref-type="fig"}) was transfected into SH-SY5Y cells and stable transfectants (designated SH-BACE1-WT, SH-BACE1-CA3, and SH-BACE1-CA4 cells) were established. Western blot analysis revealed that all transfected cells expressed equal levels of BACE1 ([Fig. 2a](#fig02){ref-type="fig"}). Next, we evaluated palmitoylation of BACE1 using ^3^H-PA labeling. As shown in [Figure 2b](#fig02){ref-type="fig"}, the ^3^H-PA-labeled BACE1 level was reduced to 23% and 2% in BACE1-CA3- and BACE1-CA4-expressing cells, respectively, compared to BACE1-WT cells. These findings indicate that palmitoylation of BACE1 is abolished in the BACE1-CA4 mutant, confirming that BACE1 is mainly modified at the four cysteine residues in the C-terminal region.

![Four cysteine residues in BACE1 are palmitoylated. (a) Cell lysates of SH-BACAE1-WT, SH-BACE1-CA3, and SH-BACE1-CA4 cells were analyzed by immunoblotting with 1D4 antibody. (b) Cells were labeled with ^3^H-palmitic acid, and lysates analyzed by immunoprecipitation with 1D4. The relative levels of ^3^H-labeled BACE1 were calculated and graphed. Data are presented as means ± SEM from two independent experiments. \**P* \< 0.01.](brb30002-0270-f2){#fig02}

Lipid raft distribution of BACE1 depends on palmitoylation in neuroblastoma cells
---------------------------------------------------------------------------------

Next, we evaluated the role of palmitoylation in lipid raft distribution of BACE1 in SH-SY5Y cells via sucrose density gradient centrifugation. Immunoblot analysis of individual fractions showed that the raft marker, flotillin-1, was present in fraction 4, indicative of the fractionation of lipid raft components. Although a proportion of BACE1 was recovered in fraction 4, the majority of the protein was present in high-density membrane fractions (fractions 7--10) ([Fig. 3a](#fig03){ref-type="fig"}). The percentages of BACE1 distributed in the raft fraction per total BACE1 in all fractions for BACE1-WT, BACE1-CA3, and BACE1-CA4 cells were 15.6%, 11.4%, and 5.8%, respectively ([Fig. 3a](#fig03){ref-type="fig"}). These results indicate that lipid raft distribution of BACE1 depends on its palmitoylation in SH-SY5Y cells.

![Lipid raft distribution of BACE1 depends on palmitoylation in neuroblastoma cells. (a) SH-BACE1-WT, SH-BACE1-CA3, and SH-BACE1-CA4 cells were subjected to sucrose density gradient fractionation, as described in section Materials and Methods. Each fraction was analyzed by Western blotting with 1D4 or anti-flotillin-1 (a marker protein for lipid rafts). The BACE1 level in each fraction was quantified and expressed as a percentage per total BACE1 level in whole fractions. (b) Similar analysis performed using SH-BACE1-WT and SH-BA-C474A cells. Data are presented as means ± SEM from three independent experiments. \**P* \< 0.01, compared with SH-BACE1-WT cells; ^\#^*P* \< 0.05, compared with SH-BACE1-CA3 cells.](brb30002-0270-f3){#fig03}

Since the distribution patterns of BACE1 in SH-BACE1-CA3 and SH-BACE1-CA4 cells were markedly different, we examined the effect of palmitoylation at cysteine 474 alone. For this purpose, we established SH-SY5Y cells stably expressing BACE1-C474A (designated SH-BACE1-C474A cells). No significant differences were observed in the percentage of BACE1 within the raft fraction between SH-BACE1-WT and SH-BACE1-C474A cells ([Fig. 3b](#fig03){ref-type="fig"}), suggesting that palmitoylation specifically at cysteine 474 does not have a major impact on lipid raft targeting of BACE1.

Lipid raft association of BACE1 depends on palmitoylation in primary cortical neurons
-------------------------------------------------------------------------------------

We further evaluated lipid raft localization of BACE1 in rat primary cortical neurons infected with recombinant adenoviruses expressing BACE1-WT or BACE1-CA4. Upon sucrose density gradient fractionation, lipid rafts were recovered mainly in fraction 4, where flotillin-1 was predominantly present. A proportion of BACE1 was recovered in fraction 4, while the majority was present in high-density nonraft fractions (fraction 8--10) ([Fig. 4a](#fig04){ref-type="fig"}). The percentage of BACE1 in the raft fraction was 14% and 3% in neurons expressing BACE1-WT and BACE1-CA4, respectively ([Fig. 4b](#fig04){ref-type="fig"}), confirming that lipid raft association of BACE1 is dependent on its palmitoylation in primary neurons as well.

![Lipid raft distribution of BACE1 depends on palmitoylation in primary rat cerebral cortical neurons. (a) CHAPS extracts of cultured neurons infected with recombinant adenoviruses expressing BACE1-WT or BACE1-CA4 were fractionated via sucrose density gradient fractionation, and analyzed by Western blotting with 1D4, anti-APP (R37), or anti-flotillin-1 antibodies. (b, c) The relative levels of individual fractions were quantified as for [Fig. 3](#fig03){ref-type="fig"} and graphed. Data are presented as means ± SEM from three independent experiments. \**P* \< 0.01. (d) Neurons grown on cover slips were infected with recombinant adenoviruses as above, fixed, and analyzed via double immunofluorescence staining with 1D4 (red) and anti-flotillin-1 (green). Nuclei were visualized with DAPI (4\', 6\'-diamidino-2-phenylindole) staining (blue). Scale bar, 10 μm.](brb30002-0270-f4){#fig04}

A proportion of APP was detected in fraction 4, with the majority recovered from nonraft fractions. The percentages of APP in the raft fraction were similar for SH-BACE1-WT- and SH-BACE1-CA4-expressing cells ([Fig. 4c](#fig04){ref-type="fig"}), suggesting that raft distribution of BACE1 does not directly affect that of APP.

We additionally evaluated the cellular localization of BACE1 using double immunofluorescence staining. Immunostaining with 1D4 revealed localization of BACE1 in both soma and neurites. There were no appreciable differences in the staining patterns between BACE1-WT- and BACE1-CA4 ([Fig. 4d](#fig04){ref-type="fig"}). Upon double labeling with 1D4 and anti-flotillin-1, flotillin-1 immunoreactivity was observed as punctate staining that partially overlapped that of 1D4. The extent of the colocalization of 1D4 and flotillin-1 immunoreactivities appeared reduced in neurons expressing BACE1-CA4, relative to those expressing BACE1-WT ([Fig. 4d](#fig04){ref-type="fig"}), consistent with the results of biochemical fractionation.

Aβ production is not influenced by raft association of BACE1 in neurons
-----------------------------------------------------------------------

Since lipid rafts appear to represent an important site for amyloidogenic processing of APP by BACE1 ([@b8]; [@b1]; [@b31]; [@b39]), we analyzed the secretion of Aβ from primary neurons overexpressing BACE1-WT or BACE1-CA4. On Western blots, neurons expressed comparable levels of BACE1-WT and BACE1-CA4 ([Fig. 5a](#fig05){ref-type="fig"}). BACE1-WT and BACE1-CA4 enhanced secretion of both Aβ40 and Aβ42 to similar extents (by approximately 80%), compared to control cells infected with empty adenovirus ([Fig. 5b](#fig05){ref-type="fig"} and c).

![Neuronal Aβ production is not influenced by raft association of BACE1. (a--c) Cultured neurons were infected with recombinant adenoviruses expressing BACE1-WT, BACE1-CA4, or empty adenoviruses (mock). (a) Cell lysates were analyzed by Western blotting using NBA antibody for BACE1 or R37 antibody for APP. The amounts of Aβ40 (b) and Aβ42 (c) in conditioned media were determined with sandwich ELISA as described in section Materials and Methods. (d--f) Neurons were infected with recombinant APP adenoviruses plus empty adenoviruses or recombinant adenoviruses expressing BACE1-WT or BACE1-CA4. Western blotting (d) and Aβ measurement (e, f) were performed as above. BACE1-WT or BACE1-CA4 had comparable effects on the production of Aβ40 and Aβ42. Values represent means ± SEM from three separate experiments. \**P* \< 0.05, \*\**P* \< 0.01.](brb30002-0270-f5){#fig05}

To determine the effects of BACE1-WT and BACE1-CA4 on Aβ production from overexpressed APP, neurons were infected with both recombinant wild-type APP and BACE1 adenoviruses. Compared to neurons expressing APP only, mature APP levels were significantly diminished in those expressing APP plus BACE1-WT or APP plus BACE1-CA4, suggesting that a significant proportion of APP is cleaved by BACE1 ([Fig. 5d](#fig05){ref-type="fig"}). Consistently, neurons coexpressing APP and either BACE1-WT or BACE1-CA4 secreted ∼6.5-fold higher amounts of Aβ40 and ∼2.5-fold or ∼2.9-fold higher amounts of Aβ42, respectively, than those expressing APP alone ([Fig. 5e and f](#fig05){ref-type="fig"}). Together, BACE1-WT and BACE1-CA4 exerted similar Aβ-promoting effects, suggesting that β-cleavage of APP does not depend on raft localization of BACE1.

β-CTF is predominantly localized in nonraft membrane domains
------------------------------------------------------------

To evaluate the β-cleavage of APP in raft and nonraft domains, we performed Western blot analysis of APP CTF. Western blots of RIPA lysates revealed that levels of β-CTF and β′-CTF (derived from alternative BACE1 cleavage of APP between Tyr10 and Glu11 within the Aβ region) were remarkably increased and those of α-CTF (derived from α-secretase cleavage of APP between Lys16 and Leu17 within the Aβ region) decreased in neurons expressing APP plus BACE1-WT or APP plus BACE1-CA4, compared to those expressing APP alone ([Fig. 6a](#fig06){ref-type="fig"}). Subsequently, we examined the distribution of APP CTF in raft and nonraft fractions following sucrose density gradient fractionation. Immunoprecipitation--Western blot analysis revealed that the majority of β-CTF and β′-CTF was recovered in nonraft fractions (fractions 8--10) of neurons expressing APP plus BACE1-WT or APP plus BACE1-CA4, whereas only low levels were present in the raft fraction (fraction 4). No differences in the localization pattern of CTFs were observed between neurons expressing BACE1-WT and BACE1-CA4 ([Fig. 6b](#fig06){ref-type="fig"}).

![Predominant localization of APP CTF in nonraft domains of neurons coexpressing APP and BACE1. (a) RIPA or CHAPS extracts of neurons coexpressing APP and either mock or BACE1-WT or BACE1-CA4 were subjected to Tris/Tricine SDS-PAGE and immunoblotting with anti-APP. We observed remarkable increases in the levels of β-CTF and β′-CTF in both neurons expressing BACE1-WT and BACE1-CA4. (b) CHAPS extracts in (a) were fractionated using sucrose density gradient centrifugation, and raft (4) and nonraft (8-10) fractions analyzed by immunoprecipitation--Western blot analysis with anti-APP, as described in section Materials and Methods. The majority of β-CTF and β′-CTF was recovered in nonraft fractions of both neurons expressing BACE1-WT and BACE1-CA4. Each diagram is representative of two independent experiments with essentially identical results. (c) Neurons expressing Swedish mutant APP were treated with 0.5 μM DAPT for 1 day, and subjected to sucrose density gradient fractionation, as in (b). Each fraction was analyzed by Western blot analysis with anti-APP, anti-BACE1 (AB5832), and anti-flotillin-1. (d) CHAPS extracts (Ex) and raft (4) and nonraft (7-10) fractions in (c) were analyzed by immunoprecipitation--Western blot analysis with anti-APP, as above. β-CTF and β′-CTF were mainly recovered in nonraft fractions. Each diagram is representative of three experiments with essentially identical results.](brb30002-0270-f6){#fig06}

Next, we evaluated the β-cleavage of APP by endogenous BACE1. For this purpose, primary neurons overexpressing Swedish mutant APP, a preferred substrate of BACE1, via recombinant adenoviruses were treated with a γ-secretase inhibitor DAPT (*N*-\[*N*-(3,5-difluorophenacetyl)-[l]{.smallcaps}-alanyl\]-(*S*)-phenylglycine *t*-butyl ester) ([@b10]) that augments the levels of APP CTF. The distributions of endogenous BACE1 and APP CTF were then analyzed following sucrose density gradient fractionation. Bands of BACE1 were observed in both raft and nonraft fractions and faint bands probably representing dimeric BACE1 were additionally detected in nonraft fractions ([Fig. 6c](#fig06){ref-type="fig"}). Higher levels of β-CTF and β′-CTF were obviously recovered in nonraft fractions than in the raft fraction ([Fig. 6d](#fig06){ref-type="fig"}). These results suggest that β-cleavage of APP by overexpressed as well as endogenous BACE1 occurs mainly in nonraft fractions.

Shedding of BACE1 is regulated by palmitoylation
------------------------------------------------

Next, we focused on the effects of palmitoylation on BACE1 shedding. As reported previously ([@b25]), immunoprecipitation--Western blot analysis of conditioned media of SH-BACE1-WT cells revealed two bands corresponding to soluble BACE1 (sol-BACE1) and full-length BACE1 (FL-BACE1) ([Fig. 7a](#fig07){ref-type="fig"}). Compared to SH-BACE1-WT cells, the FL-BACE1 level appeared increased, while that of sol-BACE1 was decreased in media of SH-BACE-CA4 cells ([Fig. 7a](#fig07){ref-type="fig"}). Quantitative analysis disclosed a significant increase in the FL-BACE1/sol-BACE1 ratio in the media of SH-BACE1-CA4 cells relative to SH-BACE1-WT cells ([Fig. 7b](#fig07){ref-type="fig"}).

![BACE1 shedding is regulated by palmitoylation. (a) Conditioned media of SH-BACE1-WT or SH-BACE1-CA4 cells were analyzed by immunoprecipitation--Western blot analysis, as described in section Materials and Methods. Two bands corresponding to FL-BACE1 and sol-BACE1 were detected with the NBA antibody, while only the upper FL-BACE1 band was recognized with the M83 antibody. (b) Band intensities of FL-BACE1 and sol-BACE1 (a) were quantitated and the FL-BACE1/sol-BACE1 ratios calculated. (c, d) Conditioned media of neurons infected with recombinant adenoviruses expressing BACE1-WT or BACE1-CA4 were analyzed as for (a) FL-BACE1/sol-BACE1 ratios were calculated and graphed as for (b). Data are presented as means ± SEM from three independent experiments. \**P* \< 0.05.](brb30002-0270-f7){#fig07}

BACE1 shedding was additionally analyzed in primary neurons expressing BACE1-WT or BACE1-CA4. The FL-BACE1/sol-BACE1 ratio in the conditioned media was significantly increased in BACE1-CA4-expressing neurons, compared to BACE1-WT-expressing neurons ([Fig. 7c and d](#fig07){ref-type="fig"}). Altogether, the results suggest that BACE1 shedding is positively regulated by palmitoylation.

BACE1 dimerization is not affected by palmitoylation
----------------------------------------------------

Finally, we investigated whether palmitoylation affects the homodimer formation of BACE1. Extracts of the membrane fractions of SH-BACE1-WT, SH-BACE1-CA3, and SH-BACE1-CA4 cells were separated using BN-PAGE, followed by Western blotting. For SH-BACE1-WT cells, a band with mass of ∼160 kDa instead of the expected mass of ∼70 kDa reacted with the 1D4 antibody, confirming that BACE1 exists as a homodimer under native conditions ([Fig. 8a and b](#fig08){ref-type="fig"}). Similarly, only the band representing dimeric BACE1 was observed in SH-BACE1-CA3 and SH-BACE1-CA4 cells ([Fig. 8b](#fig08){ref-type="fig"}). Therefore, BACE1 dimer formation appeared to be unaffected by palmitoylation.

![BACE1 dimerization is not affected by palmitoylation. Extracts of membrane fractions of SH-BACE1-WT, SH-BACE1-CA3, or SH-BACE1-CA4 cells were separated using SDS-PAGE (a) or BN-PAGE (b), and analyzed via Western blotting with 1D4. On BN-PAGE, only a ∼160-kDa band most likely corresponding to dimeric BACE1 was observed in all three cell types. Each diagram is representative of two independent experiments that gave essentially identical results.](brb30002-0270-f8){#fig08}

Discussion
==========

The issue of whether lipid raft association of BACE1 plays a significant role in neuronal Aβ production remains controversial. We therefore sought to clarify this issue, as its resolution would shed light on the mechanisms underlying BACE1 regulation and assist in the development of effective disease-modifying therapeutics for AD. Using neuroblastoma cells expressing wild-type BACE1 (BACE1-WT) or mutant BACE1 (BACE1-CA3, BACE1-CA4, and BACE1-C474A), we confirmed that BACE1 is palmitoylated at four Cys residues in the juxtamembrane and C-terminal regions, in accordance with data from a recent study by [@b41]. Raft localization of BACE1-CA4 without palmitoylation sites was markedly reduced in both neuroblastoma cells and primary cerebral cortical neurons, indicating that raft targeting of BACE1 is palmitoylation dependent. Our subsequent analysis revealed that BACE1-WT and BACE1-CA4 promoted neuronal production of Aβ40 and Aβ42 from endogenous and overexpressed APP to similar extents. These results clearly indicate that BACE1 raft localization does not affect Aβ production in neurons, in agreement with a previous report ([@b41]) in which BACE1-null fibroblasts and mouse N2a neuroblastoma cells were used for experiments. Furthermore, we observed that both β-CTF and β′-CTF metabolites derived from BACE1 processing were mainly localized in the nonraft fractions of neurons expressing APP and either BACE1-WT or BACE1-CA4. We additionally observed that β-CTF derived from APP cleavage by endogenous BACE1 also distributes mainly in nonraft fractions of neurons expressing Swedish mutant APP. These data support the view that BACE1 cleavage of APP occurs mainly in the nonraft domains in neurons.

A mutant form of BACE1 (BACE1-GPI) in which transmembrane and cytoplasmic domains are replaced with glycosylphosphatidylinositol (GPI) anchor attachment signal that preferentially localizes in lipid rafts was reported to exhibit increased β-cleavage activity ([@b7]). However, a recent study has revealed that the increase in Aβ secretion under the condition of BACE1-GPI expression is mainly due to reduced APP cleavage at the β′-site, compared with wild-type BACE1 ([@b42]). It is likely that β-site cleavage efficiency of BACE1 is essentially unaltered by its association with lipid rafts. Based on the present and earlier results, we propose a dynamic model of neuronal Aβ generation, as illustrated in [Fig. 9](#fig09){ref-type="fig"}. First, APP is cleaved by BACE1 mainly in nonraft domains, generating β-CTF. Next, β-CTF mobilizes from nonraft to raft domains through unknown mechanisms, where it is finally cleaved by γ-secretase, resulting in Aβ production. Thus, identification of the specific factors involved in the transport of β-CTF from nonraft to raft domains is an important subject of focus for future research.

![Hypothetical model for APP processing. APP processing in neurons is possibly a dynamic process involving three steps. (I) APP is cleaved by BACE1 mainly in nonraft domains, generating β-CTF. (II) β-CTF is transported from nonraft to raft domains via unknown mechanisms. (III) β-CTF is cleaved by γ-secretase in raft domains, generating Aβ and AICD (APP intracellular domain).](brb30002-0270-f9){#fig09}

Endosomes and the trans-Golgi network are important organelles for the production of Aβ and β-CTF. A previous study ([@b41]) presented evidence that palmitoylation of BACE1 does not regulate its distribution in these organelles or at the cell surface. Thus, BACE1-WT and BACE1-CA4 likely exert β-cleavage activity in nonraft domains of the same subcellular sites. Interestingly, the β′-CTF level was higher than that of β-CTF in neurons coexpressing APP and BACE1. Consistently, a recent study has indicated that β′-cleavage is a major processing event that occurs with human APP in neuronal cultures ([@b49]). It is possible that β′-CTF is generated via cleavage of β-CTF by BACE1, since [@b42] showed that BACE1 readily processes β-CTF into β′-CTF in COS cells.

In BACE1-expressing cell medium, soluble as well as full-length BACE1 are detected. We showed previously that treatment with a metalloprotease inhibitor TAPI-1 reduces BACE1 shedding but increases full-length BACE1 release, suggesting that these two events are interrelated physiological processes ([@b25]). In the present study, we showed that the FL-BACE1/sol-BACE1 ratio was significantly increased in the media of SH-SY5Y cells and primary neurons expressing BACE1-CA4, compared to those expressing BACE1-WT. These results suggest that BACE1 shedding is reduced in the absence of BACE1 palmitoylation, although the underlying mechanism is yet to be established. It is unlikely that lack of raft localization of BACE1 is related to reduced shedding because metalloproteases responsible for BACE1 shedding, such as ADAM10, are predominantly distributed in nonraft fractions ([@b21]). Palmitoylation of BACE1 may affect the physical interactions between BACE1 and its sheddases and promote BACE1 shedding.

BACE1 exists as a homodimer under native conditions. Dimer formation could be influenced by BACE1 posttranslational modifications such as palmitoylation. Previous studies have indicated that dimerization of BACE1 is inhibited in bHEK cells treated with cerulenin, which has an inhibitory effect on palmitoylation ([@b29]), implying a role of palmitoylation in BACE1 dimerization. However, BN-PAGE analysis disclosed no differences in dimer formation between BACE1-WT and BACE1-CA4 proteins. Thus, it appears that palmitoylation of BACE1 does not directly influence dimerization.

It is likely that BACE1 in lipid rafts has functional roles other than processing of APP. BACE1 cleaves a number of substrates, including neuregulins, p-selectin glycoprotein ligand-1, β-subunits of voltage-gated sodium channels, and lipo-protein receptor-related protein ([@b23]; [@b43]; [@b47]; [@b17]; [@b46]; [@b20]). It is plausible that BACE1 functions to cleave these membrane proteins that are localized in lipid rafts. In our immunocytochemical analysis of BACE1-expressing neurons, BACE1 immunoreactivity was observed throughout neuronal processes, implying activity in the metabolism of specific synaptic proteins.

The mechanisms underlying regulation of BACE1 activity in neurons are complex ([@b34]). We and others have demonstrated that reticulon (RTN) proteins such as RTN3 and RTN4-B/C interact with BACE1 and inhibit its β-cleavage activity ([@b15]; [@b26]). Our preliminary data indicate that RTN3 and RTN4-B/C mostly distributed in nonraft domains (data not shown) where they appear to regulate BACE1. It is important to make further investigations of nonraft membrane domains as a possible site of physiological regulation of BACE1. The hypothetical model of APP processing involves mobilization of β-CTF. However, the transport mechanism of β-CTF between nonraft and raft domains remains to be elucidated; resolving this issue would provide a basis for the identification of new therapeutic targets for AD.
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